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Motivation

Importance of neutron-induced cross
sections of short lived nuclei:
»Fundamental nuclear physics

» Reactor physics

» Stellar nucleosynthesis via r or s processes
> ...

nurnber of protons

number of neutrons

BUT these neutron-induced cross sections of short lived nuclei
extremely difficult to obtain due to the radioactivity of the target
involved.

- Surrogate reaction
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Surrogate Experiment : principle

Neutron-induced reaction Surrogate reaction

J.D. Cramer et H.C.

Britt, Nucl. Sci.
p And Eng. 41
n (1970) 177
(@)
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f a
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Surrogate Experiment : Interest & objective

Main interest :
* neutron-induced fission/capture cross sections extraction for nuclear reactions on short-lived

(Am,Cm,Np..) nuclei in fast neutron region and to get information on nuclear structure
models

Surrogate reaction only valid if :
* Compound nucleus formation
* Similar spin/parity or no dependence on J” of P, (Weisskopf Ewing approximation)

Objective :
* Validity of surrogate method in the actinides region by comparing surrogate data to
known n-induced data.

Q.Ducasse




Surrogate Experiment : Early work

Jutta Escher, et al., Rev. Mod. Phys. 84 (2012) 353

Comparison surrogate/neutron induced reactions Desired reaction E, range (MeV) Surrogate reaction Type Reference
23 — (n, f) cross sections
g P Z0Th(n, f) 0.5-10 ZXTh(*He, )) absolute Petit et al. (2004)
g , .- , .
g | Fission 20Th(n, f) 0.22-25 22Th(*He, a)) ratio Goldblum et al. (2009)
E BITh(n, f) 0.36-25 Z2Th(*He, *He') ratio Goldblum et al. (2009)
22~ OK! Blpa(n, f) 0.5-10 Z2Th(*He, 1) absolute Petit et al. (2004)
S 3pa(n, f) 0.5-10 Z2Th(*He, p) absolute Petit et al. (2004)
8T 23pa(n, f) 11.5-16.5 B2Th(SLi, ) ratio Nayak e al. (2008)
,E 1 Z3U(n, ) 0.4-18 HU(a, o) ratio Lesher et al. (2009)
L] abbs et al. 23 ( ) 23 (3 ) : ; -
— %N%‘é% éﬂ & JEFF3.1 /Example — ;_}’8(:11, ) 0-20 2’;[(}( 'He, fl) absolute.. ratio  Lyles er ul.' (2(1()7:1)
1S “Uln, f) 0-13 Uld,d') ratio Plettner et al. (2005)
ZTU(n, f) 0-20 28U(a, ') ratio Burke et al. (2006)
0 | | | | 29U(n, f) 0-20 u(*o,'0) ratio Burke ez al. (2011)
0 2 4 6 8 10 ZINp(n, ) 10-20 28U(He,1)  absolute, ratio  Basunia er al. (2009)
Neutron Energy /MeV Z8pn(n £) 0-20 239pn(y ol ratio Ressler or gl (2011)
G. Kessedjian, et al., Phys. Lett B 692 (2010) 297 > ﬂm(n. f) 0-10 2B Am(*He, a) absolute Kessedjian_et al. (2010
*2Cm(n, f) 0-10 3 Am(*He, 1) absolute Kessedjian ef al. (2010)
— HCm(n, f) 0-3 23 Am(He, d) absolute Kessedjian er al. (2010)
(n, ) cross sections
_ Rare earth nucleus 'S‘de(n. y) 0.05-3.0 5Gd(p, p') absolute, ratio  Scielzo er al. (2010)
2 Lok 1 57Gd(n, y) 0.05-3.0 8Gd(p, p') absolute, ratio  Scielzo er al. (2010)
é— Wisshak et all. (2006) [12] :f(')Dy('n. ’)’) 0.13-0.56 :i’ny(i“e, ':Ile’) ratio Goldblum er al. (2010)
JEFF-3.1 [20] & ENDF/B-VIL0 [21] ' "Yb(n, y) 0.165-0.405 "'Yb(*He, “He') ratio Goldblum et al. (2008)
e NOT OK'! Yh(n, y) 02250465  'Yb(*He, a) ratio  Goldblum er al. (2008)
"e "Yb(n, y) 0.12-0.24 "'Yb(d, p) ratio Hatarik et al. (2010)
L . Z3Pa(n, y) 0-1 Z2Th(*He, p) absolute Boyer et al. (2006)
L Example 25U(n, y) 0.9-3.3 35U(d, p) ratio Allmond et al. (2009)
"h}% ZTU(n, Y) 0.2-1.0 8U(a, o) absolute, ratio Bernstein et al. (2006);
ta"iu-.ﬁw
- N S ?"E" 232Th(n,y) 0-1.2 232Th(d,p) absolute  J. Wilson et al. (2012)
' ' ' " Ex(MeV) >Lu(n,y) 0-1 I74Yb(*He,p) absolute  G. Boutoux et al. (2012)
G. Boutoux, et al., Phys. Lett B 712 (2012) 319 72¥b(n ,y) 0-1 17%Yb(*He,a) absolute  G. Boutoux et al. (2012)



Surrogate Experiment : Interpretation 1/2

% Neutron-induded Corresponding surrogate
E A reaction reaction
@ 174yh +3He = "6Lu* + p

- 5/2+ - 343keV 1+

11/2+ - 251 keV
9/2+ - 114 keV

7/2+ -0 keV

n

= v
%
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Surrogate Experiment : Interpretation 2/2

% Neutron-induded Corresponding surrogate
E A reaction reaction

5Lu+n 174yh +3He > 7SLu* + p
PV/\
St | 1 Surrogate
WAL H
et s vy, Neutron-
\3 + - e )
9/2+ - 114 keV induced
S 7/2+ - 0 keV
>
Sn E*
% 7-
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Surrogate Experiment : Early work

Comparison surrogate/neutron induced reactions Desired reaction E, range (MeV) Surrogate reaction Type Reference
©3 , (‘fz.f') cross sections
g A Z0Th(n, f) 0.5-10 Z2Th(*He, a)) absolute Petit et al. (2004)
g | Fission 20Th(n, f) 022-25 22Th(*He, a)) ratio Goldblum et al. (2009)
E BITh(n, f) 0.36-25 Z2Th(*He, *He') ratio Goldblum et al. (2009)
g2 OK'! Z1pa(n, f) 0.5-10 Z2Th(*He, 1) absolute Petit et al. (2004)
S “pa(n, f) 0.5-10 “2Th(*He, p) absolute Petit et al. (2004)
E i Z3Pa(n, f) 11.5-16.5 B2Th(°Li, @) ratio Nayak e al. (2008)
2 1 Z3U(n, ) 0.4-18 HU(a, o) ratio Lesher et al. (2009)
- o Dbl ral Example Z5U(n, f) 0-20 P8U(*He, @)  absolute, ratio  Lyles et al. (2007a)
- — - ENDF/B-VII 1< ZTU(n, f) 0-13 U(d, d') ratio Plettner et al. (2005)
ZTU(n, f) 0-20 BU(a, o) ratio Burke et al. (2006)
0 | | | | 29U(n, f) 0-20 u(*o,'0) ratio Burke ez al. (2011)
0 2 4 6 8 10 ZTNp(n, f) 10-20 28U(He,1)  absolute, ratio  Basunia et al. (2009)
Neutron Energy /MeV Z8pn(n £) 0-20 239pn(y ol ratio Ressler or gl (2011)
G. Kessedjian, et al., Phys. Lett B 692 (2010) 297 > 2 Am(n, ) 0-10 23 Am(*He, a) absolute __Kessedjian_et al. (2010)]
*2Cm(n, f) 0-10 23 Am(*He, 1) absolute Kessedjian ef al. (2010)
*Cm(n, f) 0-3 B Am(He, d) absolute  Kessedjian er al. (2010)
(n, ) cross sections
_ Rare earth nucleus :ffcd(n. y) 0.05-3.0 ::Gd(p. p')  absolute, ratio  Scielzo er al. (2010)
2 This work 2'Gd(n, y) 0.05-3.0 XGd(p, p') absolute, ratio  Scielzo et al. (2010)
é ?fggr?{% ;};I Slz‘:éi;i%mo . ::')gly)-(in, 7) ().(! g-().S()S :i’fgty)(zi:e zﬁe:) ratio Goldblum et al. (2010)
- Vil ! (n,y) 0.165-0.40 ! (“He, “He') ratio Goldblum et al. (2008)
e NOT OK'! Yb(n, y) 02250465  '"PYb(*He, ) ratio  Goldblum er al. (2008)
", "Yb(n, y) 0.12-0.24 "Yb(d, p) ratio Hatarik et al. (2010)
L P Z3Pa(n, y) 0-1 Z2Th(*He, p) absolute Boyer et al. (2006)
*a Example Z5U(n, y) 09-3.3 35U(d, p) ratio Allmond er al. (2009)
"*3}.% ZTU(n, y) 0.2-1.0 U(a, o) absolute, ratio Bernstein ez al. (2006);
e
- (P S S T’T‘E“ 232Th(n,y) 0-1.2 232Th(d,p) absolute  J. Wilson et al. (2012)
E, (MeV) >Lu(n,y) 0-1 1"“Yb(*He,p) absolute  G. Boutoux et al. (2012)
G. Boutoux, et al., Phys. Lett B 712 (2012) 319 72¥b(n ,y) 0-1 17%Yb(*He,a) absolute  G. Boutoux et al. (2012)

Aim : Check if both fission AND gamma decay probabilities agree with neutron data by measuring both
simultaneously in the actinides region
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Oslo measurements: Experimental set-up

4 PPAC:s Fission-
fragments detection

8 telescopes of 8
strips E/AE

“* High detection efficiency
¢ Measurement of Fission & gamma-decay probabilities

13




Oslo measurements: Investigated reactions

4 reactions are studied

Neutron- induced Corresponding surrogate Quantity
reation reaction measured

2381 + 2381] +d > 29[J* + p P+ P,

< PU+n WU +He > ¥U* +4He  P+P, >
237Np +n 238U +3He 9 238Np* +t Pf+ PY
238Np +n 238U _|_3He 9 239Np* +d Pf_|_ PY

Na’I svcintillaors Fission detector Silicon Ring detector

-

.

Q.Ducasse | PAGE 14




Oslo measurements: Preliminary results 1/2

(neutron-induced) >3°U + N

— l 1
- : = CENBGI/CEA Surrogate 238U(3He,4He)237U P,Y 1 =t CENBG/CEA Surrogate 237U(3he,4He)237U
_—i ENDF/B-VII.1 ENDF/B-VIL.0
C1
- JEFF-31 'l l Il ll | | | I | | JEFF-3.1
- i - 0.8 |
51
L1
L1
1

0.6

/{_U)I«H’Iwuh I-' ! 04

IRARARRARAAN

.

I

i ———————————— -
— —

| K x3 $|
AP ' . _ : -
:&:-Sp/é | 1 1 é 1 | 1 1\0 1 | 1 1|2 | 1 | | | L 0 | \ | | Slyz | 1 | |4 | | . 1 |6. 1 | 1 5‘8 1 | . | é | 1 .
E*237ﬁ(MeV) 5 . 5. 5. ) E*237U(Mev)
P; : Good agreement surrogate/ P, : Big discrepancies between

neutron-induced data ~__7 surrogate/neutron-induced data

Fission/Gamma probabilities comparison between
Surrogate/neutron-induced reactions
Q.Ducasse ‘ PAGE 15




Oslo measurements: Preliminary results 2/2

(neutron-induced) 23°U +n

- ——o——  CENBG 236U(3He,4He)237U : FISSION
P 04 = ——o——  CENBG 236U(3He,4He)237U : GAMMA
decay = e ENDF/B-VII1 : FISSION
035 JEFF 3.1 : FISSION
- ENDF/B-VIL1 : GAMMA
03— JEFF 3.1 : GAMMA
0.25—
— > 4
0.15— I
01— .
0.05 : — f | |
:' l - ‘ : : i % | | | I | | | | I | | | | I | | | | I | | | |
5.6 57 58 59 6 6.1 6.2 6.3 6.4
E*37U(MeV)

Observations :

> Py is much more sensitive to the spin differences that fission

> We observe the same trend for the other nuclei

» Can we explain these results with statistical model calculations ?

Q.Ducasse
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Oslo measurements: Statistical models 1/3

Statistical model (Hauser-Feshbach) approach :

FIFRELIN Code : Fission Fragment Evaporation Leading to an Investigation of Nuclear data
(developed in CEA Cadarache)

Aim : Use of statistical model to see if it reproduces/can explain the different sensibilities to the
spin parities distribution for the gamma/fission decay

1/3 ) Selection of the model that reproduce Py from (n, y) reactions

P,

0.8

Level density model : CTM

» Can NOT reproduce P, from (n, y)
reactions

0.6

0.4

0.2

\\I|\\I|\\\|I\\|I\\|

| PAGE 17
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Oslo measurements: Statistical models 2/3

Statistical model (Hauser-Feshbach) approach :

FIFRELIN Code : Fission Fragment Evaporation Leading to an Investigation of Nuclear data
(developed in CEA Cadarache)

Aim : Use of statistical model to see if it reproduces/can explain the different sensibilities to the
spin parities distribution for the gamma/fission decay

1/3 ) Selection of the model that reproduce Py from (n, y) reactions

P,

0.8

Level density model : CGCM

» CAN reproduce P, from (n, y)
reactions

_9_
—10-
11-
—12-
—13-
—14-
—15-
e | -16-

7.4 78

E*(MeV)

Q.Ducasse

0.4

0.2

o
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Oslo measurements: Statistical models 3/3

2/3 ) Use the sensibility to spin of P, to extract information on the populated spin distribution
of the transfer reaction

O Fit of the surrogate data for 237U (33U + n) assuming a gaussian distribution

)12 2012 |x PyTFifrelin (E* /)

0.6

0.4

0.2

III|I||‘III‘III’III

Surrogate data

it with P

vy Fifrelin

6]

Models used

Strength function :
Level Density :

TO DO:

3/3 ) Implement the populated spin

distribution in the code to extract the
calculated fission probability to compare it
with the experimental one.

| PAGE 19
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Conclusion and outlook

Conclusion

»The surrogate method is the only way to obtain information of very radioactive
nuclei (T,,, < few days) such as :

* Fission : Cross section measurements (reliable to neutron data)

* Gamma emission : Constrain parameters of the level density and the strenght function
»Fission much less sensitive to the spin distribution than gamma emission

* Need help of statistical model to conclude

» Theoretical challenge: Spin distribution of the compound nucleus determination in a
surrogate experiment

Experimental outlook

» April 2015 : Expected surrogate experiment at IPN Orsay
* Beam time : 2 weeks
» Same target : 238U , same beam (*He)
* Complementary measurements : fission fragments anisotropy and increase counting rate
-> More accuracy for the surrogate probabilities determination

Q.Ducasse | PAGE 21
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1) Analyse de la voie 238U(d,p)?3°—> n + 238U

Equation conservation en énergie

P, et P, du2’Np

k‘

E *(CN) p;o Qreaction - Eejqctile - Erecul(qN) -
Erecul \ J

I

Se calcule

Connues Calibration

MZ2
_A,Ea

2500— <,
2000 i
1500
1000

500

1500 2000 ~74000

E(ch)

off noyau composé formé

-

1400

AE(ch)

10°
1200

1100
1000
900
800
700

1
600

Q.Ducasse

E *( CN ) = Energie d’excitation du CN formé

E

pro

Qreaction
=AE+E

cul (CN) = Energie de recul du CN

E

ejectile

E

re

= Energie du faisceau (15 MeV)
2.582 MeV

Amc? =

'\

/

B) Calibration en énergie de la réaction

~ [%2/ndf  0.04455/3 C

| Prob 0.9975 S

| pO 48.36 + 59.96 C

- [P 705.2 + 46.45

o C, Eej (MeV)=AE + E
;f* 1 ‘ 1 ‘ 1 ‘ 1 1 ‘ IAE(IM18ey)

1.6
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